Localized cytosolic alkalization and its functional impact in ciliary cells  by Lemberskiy-Kuzin, Liubov et al.
Available online at www.sciencedirect.com
1783 (2008) 1102–1110
www.elsevier.com/locate/bbamcrBiochimica et Biophysica ActaLocalized cytosolic alkalization and its functional impact in ciliary cells
Liubov Lemberskiy-Kuzin a, Michal Fainshtein a, Polina Fridman a,
Elena Passwell a, Alex Braiman b, Zvi Priel a,⁎
a Department of Chemistry, Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel
b Department of Microbiology and Immunology, Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel
Received 4 October 2007; received in revised form 21 January 2008; accepted 4 February 2008
Available online 20 February 2008Abstract
Using confocal microscopy we demonstrate that ciliary cells from airway epithelium maintain two qualitatively distinct cytosolic regions in
terms of pH regulation. While the bulk of the cytosol is stringently buffered and is virtually insensitive to changes in extracellular pH (pHo), the
values of cytosolic pH in the vicinity of the ciliary membrane is largely determined by pHo. Variation of pHo from 6.2 up to 8.5 failed to affect
ciliary beat frequency (CBF). Application of NH4Cl induced profound localized alkalization near cilia, which did not depress ciliary activity, but
resulted in strong and prolonged enhancement of CBF. Calmodulin and protein kinase A (PKA) functionality was essential for the alkalization-
induced CBF enhancement. We suggest that the ability of airway epithelium to sustain unusually strong but localized cytosolic alkalization near
cilia facilitates CBF enhancement through altering the binding constants of Ca2+ to calmodulin and promotion of Ca2+–calmodulin complex
formation. The NH4Cl-induced elevations in cytosolic pH and Ca
2+ concentration act synergistically to activate calmodulin-dependent processes,
cAMP pathway, and, thereby, stimulate CBF.
© 2008 Elsevier B.V. All rights reserved.Keywords: Mucociliary; Cytosolic gradient; Airway epithelium; Acid-base balance; Ammonia; Ciliary beating1. Introduction
Cilia are small organelles protruding from the cell surface that
beat synchronously, enabling biological transport. Due to the
physiological importance of mucociliary function in respiratory,
digestive, and reproductive systems, regulation of ciliary activ-
ity has been intensively investigated over the past three decades
[1–13].
It has been shown that elevated cytosolic concentrations of
Ca2+, cAMP and cGMP, acting at the axoneme level, produce
robust ciliary beat frequency (CBF) enhancement [11,14–17].
Interestingly, prolonged elevation in cytosolic Ca2+ concentra-
tion ([Ca2+]i), required for sustained CBF enhancement, is
highly localized to the vicinity of the ciliary membrane [18]. It
appears that the calcium-binding protein calmodulin (CaM)
plays a critical role both in integration of the signaling pathways
leading to CBF enhancement and in the direct effect of Ca2+ on
CBF [15,19].⁎ Corresponding author. Tel.: +972 8 6461184; fax: +972 8 6472943.
E-mail address: alon@bgu.ac.il (Z. Priel).
0167-4889/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamcr.2008.02.005Airway epithelial cells are known to produce ammonia via a
pH-regulating glutaminase in response to acidic challenge [20].
Obstructive airway diseases have been associated with acid-
ification of airway fluids and reduction in ammonia levels in
exhaled breath condensate [20–23]. It has also been shown that
the affinity of calmodulin (CaM) to Ca2+ and the activity of NO-
synthase (NOS) is dependent on pH, increasing with increase in
pH [24–28]. Thus it is reasonable to assume that acidification
could suppress CaM- and NO-dependent elevation in cyclic
nucleotide concentrations, which would subsequently lead to
impairment in ciliary activity. On the other hand, alkalization
might have an opposite, stimulatory effect on cyclic nucleotide
levels and CBF via the same mechanism. In contrast to this
hypothesis, it has been reported that relatively wide-range
changes in extracellular pH (pHo) did not affect CBF [29–31].
Since direct measurements of intracellular pH (pHi) were not
performed in these studies, it is not clear whether the above
changes in pHo induced changes in pHi and to what extent.
Recently, it has been shown that addition of NH4Cl to the
extracellular medium induces a slight increase in pHi coupled
with a small rise in CBF [32].
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region of highly elevated pHi in the vicinity of the ciliary
membrane. Although cytosolic alkalization per se is unable to
induce ciliary stimulation, the combined effects of the elevated
pHi and a moderate rise in [Ca
2+]i induced by NH4Cl produces a
significant stimulatory effect on ciliary beating. The stimulatory
effect of alkalization is critically dependent on CaM and PKA
functionality.
2. Materials and methods
2.1. Tissue culture preparation
Experiments were carried out on monolayer tissue cultures grown from
rabbit and porcine tracheas using the procedure described previously [5,11].
Briefly, adult white rabbits (weighing at least 1.5 kg) were put to sleep according
to the guidelines laid down by the animal welfare committee of Ben-Gurion
University by gradual exposure to carbon dioxide. Care was taken to slowly
increase the gas flow over several minutes to prevent any visual signs of distress.
Tracheas were removed, and the ciliary epithelium was peeled off the cartilage
rings and cut into small pieces.
Porcine trachea were obtained from the Institute of Animal Research,
Kibbutz Lahav, washed quickly with ice-cold PBS, and transferred to the
laboratory on ice in the same buffer. Epithelial tissue was carefully removed and
primary epithelial cell culture was established from the tissue pieces. Two or
three pieces of epithelium were placed on a glass coverslip and were incubated
in DMEM growth medium supplemented with 10% fetal calf serum, 20 U ml−1
penicillin, 2.5 U ml−1 nystatin and 20 μg ml−1 streptomycin at 37 °C with 5%
CO2. Prior to use, the glass coverslips were sterilized with ethanol, placed in
plastic Petri dishes (Nunk, Denmark). The medium was replaced every two-
three days. Measurements were performed on 3–21 day-old tissue cultures; this
was the time period at which the epithelial monolayers were large enough to be
used in the experiments.
2.2. Chemicals and solutions
Fetal calf serum, DMEM culture medium, and antibiotics were purchased
from Biological Industries (Bet-Haemek, Israel). Fura-2/AM was purchased
from Teflabs (Austin, TX, USA). The dye was stored as a solid at −20 °C and
fresh solutions were made before experiment in anhydrous dimethyl sulfoxide
(DMSO). NaCl, KCl, CaCl2, MgCl2, HEPES, D-glucose, probenecid, NH4Cl,
calmidazolium and W-7 were obtained from Sigma Chemical Co. (St. Louis,
MO, USA). BCECF/AM, carboxy SNARF1/AM, carboxy SNARF1, and
Pluronic F-127 were obtained from Molecular Probes (Invitrogen Ltd, Paisley,
UK). Nigericin was from Calbiochem-Merck KGaA (Darmstadt, Germany).
H-89 and KT-5720 were obtained from Biomol (Plymouth, PA, USA).
Calmidazolium, Ionomycin, KT-5720, BCECF/AM and carboxy SNARF1/
AM were dissolved in anhydrous DMSO as concentrated stock solutions and
diluted into aqueous solution just before use. The final concentration of DMSO
was not more than 0.2%. Nigericin was dissolved in ethanol as concentrated
stock solution and diluted into aqueous solution just before use. The final
concentration of ethanol never exceeded 0.1%. All other chemicals were dis-
solved in water.
The simultaneous measurements of [Ca2+]i and CBF were performed in
Ringer solution containing 150 mMNaCl, 2.5 mMKCl, 1.5 mMCaCl2, 1.5 mM
MgCl2, 5 mM HEPES, 5 mM D-glucose, and 500 μM probenecid. The pH of
Ringer and other solutions was set with NaOH and HCl. Solutions with
ammonium chloride were prepared by equimolar substitution of NaCl by
NH4Cl.
2.3. Experimental procedure
The measurements were performed in a custom-made chamber, which
allowed rapid and complete solution replacement at constant total volume. Basal
values of either pHi, CBF (F0) or [Ca
2+]i were measured for 1–5 min in an
appropriate solution. These were taken as reference values. The solution in thechamber was then replaced to the one containing the test substance and remained
static in the course of the measurements.
2.4. Spatio-temporal measurement of pHi
For intracellular pH (pHi) measurements, the tissue cultures were incubated
for approximately 60 min at 37 °C in serum-free culture medium containing
10 μM carboxy SNARF1/AM, 0.03% Pluronic F-127 and 500 μM probenecid.
The dye-loaded cells were washed for 30 min in Ringer solution before
measurements.
Measurements of pHi were performed using a Zeiss confocal systemwith ×40
or ×100 objective. The dye was excited by an Ar laser (488 nm). The cells were
divided into optical slices parallel to the plane of cell culture from the top to the
bottom of the culture. The fluorescence emission at twowavelengths (F580 nm and
F640 nm) was acquired successively from optical slices in the opposite order. The
rate of acquisition was 3.1 s per frame. The width of the optical slices was less
than 1.1 μm in all experiments.
Estimated pHi values were derived from the fluorescence intensity ratio
(R=F640 nm/F580 nm) based on a combination of two alternative calibration
methods. An in vitro calibration was performed by measurement of R=F640 nm/
F580 nm produced by the carboxy SNARF1 dye in solutions of known pH values
ranging from 6.5 to 9. The calibration solutions contained 20 mM NaCl,
115 mM KCl, 5 mM MgCl2, 5 mM HEPES, 5 mM D-glucose, 0.5 mM EGTA.
Alternatively, an in situ calibration was performed using the high K+/
nigericin method [33]. The carboxy SNARF1/AM-loaded cells were incubated
for 1 h in Ringer solution containing 115 mM KCl and 10 μM nigericin at pH
ranging from 6.5 to 8.5. Due to the highly polarized nature of the ciliary cells, we
could not obtain uniform distribution of R in the cytosol of these cells even in the
presence of nigericin. Therefore, the in situ calibration was performed in non-
polarized round-shaped Jurkat cells.
2.5. Simultaneous measurement of intracellular calcium and ciliary
beating
Simultaneous measurements of intracellular calcium and ciliary beating
from tissue cultures from porcine or rabbit trachea were performed as previously
described [4]. Briefly, the cells were preloaded with fura-2 by incubating the
tissue in serum-free growth medium, containing 5–7.5 μM fura-2/AM and
500 μM probenecid, for 60 min at 37 °C in a rotating water bath, followed by
washing in Ringer solution for 30 min. The dye-loaded cells were epi-
illuminated with light from a 75 W Xenon lamp (Ushio Inc. Japan) filtered
through 340 and 380 nm interference filters (Oriel Corp., Stamford, CT, USA).
The fluorescence, emitted at 510 nm, was detected by a photon counting
photomultiplier (H3460-53, Hamamatsu, Japan). The 340/380 fluorescence
ratio, averaged over a period of 1 s, was stored in a computer. CBF was
measured by trans-illuminating the same ciliary area with light at 600 nm (so as
not to interfere with fura-2 fluorescence at 510 nm). Scattering of the 600 nm
light from the beating cilia created amplitude modulations that were detected by
a photomultiplier (R2014, Hamamatsu, Japan).
A calibration curve of the calcium concentration was created by titrating an
external calibration solution with a solution of the same composition containing
10 mM CaCl2 [4,34]. To account for the difference between the fura-2
fluorescence signal in the intracellular medium and in the calibration solution,
the maximum and minimum values of the 340/380 fluorescence ratio were
measured from the cells. The maximum value was obtained by addition of 5 μM
ionomycin to the cells, which resulted in flooding the cells with Ca2+. The
minimum value was obtained by addition of ionomycin to the cells in a zero-
calcium medium. The calibration curve was corrected according to the obtained
results. The non-specific signal was estimated by addition of ionomycin to the
cells in the presence of 1 mM Mn2+, which leads to quenching of fura-2
fluorescence [34]. The calcium concentration was calculated directly from the
corrected calibration curve by interpolation using a table look-up algorithm.
To account for the effect of pH on fure-2 affinity to Ca2+, the cells were first
treated with 5 μM ionomycin in a low-calcium medium. After depletion of
intracellular calcium stores and restoration of basal [Ca2+]i the cells were
subjected to different concentrations of NH4Cl. Any changes in 340/380
fluorescence ratio obtained under these conditions were attributed to the changes
in fura-2 affinity and the corresponding experimental results were corrected
Fig. 1. The effect of pHo 6.7 on spatio-temporal pHi in the cytosol. (A) A
representative experiment showing the change in pHi in response to pHo 6.7 as a
function of time and distance from the apical membrane. (B) The time course of
change in pHi averaged over the entire cell (●), within 0–2 μm from the apical
membrane ( ), and deep within the cell (9–10 μm from the apical membrane)
( ). Each point is an average over 4 cells with error bars representing the
standard error (SE).
Fig. 2. The effect of pHo 8.0 on spatio-temporal pHi in the cytosol. (A) A
representative experiment showing the change in pHi in response to pHo 8 as a
function of time and distance from the apical membrane. (B) The time course of
change in pHi averaged over the entire cell (●), within 0–2 μm from the apical
membrane ( ), and deep within the cell (9–10 μm from the apical membrane)
( ). Each point is an average over 4 cells with error bars representing the
standard error (SE).
1104 L. Lemberskiy-Kuzin et al. / Biochimica et Biophysica Acta 1783 (2008) 1102–1110accordingly. The correction has never exceeded 23% of the apparent change in
[Ca2+]i.
The frequency (F) and [Ca2+]i were monitored on the same ciliary cell for
10 to 30 min. Beat frequencies are presented as a normalized increase in CBF
(F/F0). Every experiment was performed using 3–25 tissue cultures taken from
at least 2–3 animals. Each tissue culture was used only once.
3. Results
3.1. Changes in pHo created stable gradients of pHi
To assess the effect of changes in pHo on ciliary activity,
normal Ringer solution (pH 7.4) was replaced with Ringer
solution adjusted to various pH values ranging from 6.2 to 8.5.
[Ca2+]i and CBF were monitored simultaneously from the same
cells as previously described [4]. Within the range of pHo
between 6.2 and 8.0, [Ca2+]i was not affected (data not shown),
while pHo 8.5 caused a slight elevation in [Ca
2+]i (Δ[Ca
2+]i=
30±6 nM averaged from 22 cells). CBF was not significantly
altered within the range of pHo between 6.7 and 8.0 (data
not shown), while pHo 6.2 caused a slight decrease in CBF
(F/F0=0.82±0.03 averaged from 22 cells), confirming pre-
viously reported observations [29–31].
A similar set of experiments was performed to assess the
effect produced by the changes in pHo on pHi. However, sinceepithelial cells in general, and ciliary cells in particular, are
polarized [18,35], the changes in the spatio-temporal distribu-
tion of pHi induced by pHo were examined using confocal
microscopy. Fig. 1A shows a change in the fluorescence inten-
sity of H+-sensitive dye carboxy-SNARF in response to pHo 6.7
as a function of time and distance from the apical membrane.
Remarkably, a stable region of elevated pH is evident in the
vicinity of the apical membrane. While the average pHi in ciliary
cells is 7.11±0.03, the value of pHi near the apical membrane is
7.33±0.01.
Following the exposure of the cells to Ringer solution at
pHo 6.7, the pH gradient gradually dissipated and is eventually
reversed with pHi decreasing near the apical membrane, while
remaining virtually unchanged near the basolateral membrane.
It should be noted that the changes in the average pHi obtained
in these experiments were fairly small (Fig. 1B).
Alternatively, increase in pHo resulted in augmentation of the
pHi gradient in ciliary cells (compare Figs. 1 and 2). Since the
cytosolic alkalization was restricted mainly to the vicinity of the
apical membrane, the average change over the whole cell was
negligible (Fig. 2B). Thus, measurement of the average pHi in
ciliated cells may be misleading.
Fig. 4. Dose-dependent relationships between [Ca2+]i, CBF and NH4Cl.
Averaged maximum values of [Ca2+]i (A) and CBF (B) obtained in response
to various NH4Cl concentrations are plotted. The corresponding values of CBF
and [Ca2+]i used in (A) and (B) are plotted against each other in (C). Each point
represents the mean±SE averaged over 7–17 experiments.
Fig. 3. The effect of NH4Cl (50 mM) on [Ca
2+]i and CBF. A representative
experiment of the [Ca2+]i (A) and CBF (B) raise in response to NH4Cl (50 mM)
is shown. [Ca2+]i and CBF were measured simultaneously from the same ciliary
cell.
1105L. Lemberskiy-Kuzin et al. / Biochimica et Biophysica Acta 1783 (2008) 1102–1110These results demonstrate that pHi in the vicinity of ciliary
membrane closely resemble pHo, while the bulk of the cytosol
remains virtually insensitive to pHo variations. As a result, a
stable pHi gradient can exist in the cells. Changes in pHo induce
augmentation, dissipation or even reversal of the gradient, with
the changes in pHi restricted mainly to the region near the ciliary
membrane.
3.2. NH4Cl induces rise in [Ca
2+]i and CBF enhancement
Since wide variations in pHo did not affect CBF, we have
utilized a different approach to alter pHi. The cells were treated
with various concentrations of NH4Cl to achieve changes in pHi
without modifying pHo. A typical time course of [Ca
2+]i and
CBF induced by NH4Cl is depicted in Fig. 3. Replacing normal
Ringer solution with Ringer solution supplemented with 50 mM
NH4Cl induced a moderate and transient rise in [Ca
2+]i (Fig. 3A)
and sustained CBF enhancement (Fig. 3B). The average maxi-
mal value of [Ca2+]i induced by 50 mMNH4Cl was 260±17 nM
and the maximal CBF enhancement was F/F0=1.43±0.06 (n=
17 coverslips from 9 tracheas). The observed effect was not due
to reduction in Na+ concentration, since replacement of NaCl
with N-methyl-D-glucamine chloride did not induce CBF
enhancement [36].The increases in both [Ca2+]i and CBF displayed a linear
dependence on the concentration of NH4Cl in the solution
(Fig. 4A andB). Plotting themaximal rise in CBF vs. themaximal
rise in [Ca2+]i also resulted in a linear curve (Fig. 4C). A similar
dependence of CBF on [Ca2+]i has been reported previously for
ciliary stimulation induced by ATP, acetylcholine, or calcium
ionophores [2,4,5,8,11,15,17,35]. However, it is important to
emphasize that the NH4Cl induced a substantially stronger CBF
enhancement for a given value of Δ[Ca2+]i than the stimulants
mentioned above.
To evaluate whether the ciliary cells from porcine airway,
which were primarily used in this study, exhibited an increased
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2+ ionophore ionomycin
was applied to induce [Ca2+]i elevation without changing pHo
and pHi. Surprisingly, the profound rise in [Ca
2+]i induced by
ionomycin, which exceeded by far the NH4Cl-induced [Ca
2+]i
elevation, resulted in a negligible CBF enhancement (Fig. 5).
Thus, the increased sensitivity of CBF to [Ca2+]i changes fol-
lowing NH4Cl treatment was puzzling.
3.3. NH4Cl induces strong and steep transient alkalization
near the apical membrane
The changes in the spatio-temporal distribution of pHi
induced by NH4Cl were examined using confocal microscopy.
Replacing normal Ringer solution with Ringer solution contain-
ing NH4Cl rapidly induced strong cytosolic alkalization, mainly
near the apical membrane, followed by a slow decline in pHi
toward its initial values (Fig. 6). The degree of alkalization was
linearly dependent on the NH4Cl concentration (Fig. 7). The pHi
values produced by NH4Cl near the ciliary membrane were
remarkably high. Thus, 10 mM NH4Cl induced an increase in
pHi up to 8.10±0.10, while 50 mM NH4Cl increased pHi up to
8.69±0.09 near the apical membrane (Figs. 6 and 7). It should be
emphasized that although these values of pH appear unusually
high for cellular cytosol, no apparent reduction in viability of
ciliary cells was observed. On the contrary, the cilia continued
beating vigorously for a prolonged period of time after exposure
to NH4Cl. It should be noted that since the alkalization was
restricted mainly to the vicinity of the apical membrane, the
average change in pHi over the whole cell was fairly smallFig. 5. Comparison of theNH4Cl-induced and aCa
2+ ionophore-induced effects on
[Ca2+]i and CBF. The average elevations in [Ca
2+]i (A) and CBF (B) in response to
either 50 mMNH4Cl or 1 μM ionomycin is shown. Each bar represents an average
over 6–11 cells with error bars representing the standard error (SE). The statistical
significance was determined with a paired Student t-test which yielded ⁎Pb0.001.(Figs. 6 and 7). To the best of our knowledge the ability of
NH4Cl to induce localized cytosolic alkalization in ciliary cells
is shown here for the first time.
3.4. Calmodulin and PKA functionality are essential for the
alkalization-induced CBF enhancement
We have shown previously that an agonist-induced CBF
enhancement is mediated by the Ca2+–CaM complex [15,16,19].
To assess whether CaM is involved in the CBF enhancement
induced by alkalization, the CaM inhibitors W-7 and calmidazo-
lium were applied. Subsequent application of 50 mM NH4Cl in
the presence of either W-7 (200 μM) or calmidazolium (20 μM)
significantly attenuated the NH4Cl-induced CBF enhancement
(Fig. 8).
One of the possible outcomes of Ca–CaM complex formation
is elevation in cAMP levels via Ca–CaM sensitive adenylate
cyclases and activation of protein kinase A (PKA) [37]. Along
with Ca2+, this pathway has been identified as an important
element of CBF regulation [3,14,16,38,39].
To assess the role of PKA activity in the CBF stimulation
induced by NH4Cl we used two selective protein kinase inhib-
itors, H-89 and KT5720, at concentrations specific for PKA
inhibition. TheNH4Cl-inducedCBF enhancementwas drastically
reduced following pre-treatment with either inhibitor. Taken
together these results indicate that CaM and PKA activities play a
critical role in CBF enhancement induced by NH4Cl.
4. Discussion
Our results indicate that ciliary cells maintain two qualita-
tively distinct cytosolic regions in terms of pH regulation. While
the bulk of the cytosol is stringently buffered at pH=7.1–7.2
and is virtually insensitive to changes in pHo, the region of the
cytosol in the vicinity of ciliary membrane is much more lenient
to pH variations, and the pH values of this region are largely
determined by pHo. Moreover, if pHo is different from 7.1–7.2,
a stable pH gradient is formed in the cytosol-pH values near the
ciliary membrane closely resemble those in the outside medium,
while the bulk of the cytosol is maintained at pH=7.1–7.2
(Figs. 1 and 2). The same compartmentalized pattern of pHi
regulation is observed if the cytosolic pH is affected directly,
without changes in pHo. Indeed, application of NH4Cl results in
strong alkalization in the vicinity of the ciliary membrane, while
the interior of the cell is only mildly affected (Figs. 6 and 7).
Interestingly, the harsh alkaline pH created by NH4Cl in the
vicinity of cilia (up to 8.7 for 50 mM NH4Cl) does not depress
ciliary activity. On the contrary, it induces strong and prolonged
augmentation of ciliary beating. It has been reported that ob-
structive airway diseases, including asthma and cystic fibrosis, are
associated with acidification of airway fluids and reduction in
ammonia levels in exhaled breath condensate [20–23]. It has been
suggested that acidification associatedwith the obstructive airway
diseases could depress ciliary activity and contribute to
diminished mucociliary clearance seen in these diseases. On the
other hand, restoration of physiological pH or alkalization could
produce a stimulatory effect on ciliary beating.
Fig. 6. Spatio-temporal distribution of pHi in the cytosol induced byNH4Cl (50mM). The cells were exposed to NH4Cl after 2min incubation in normal Ringer solution.
(A) A representative experiment showing the change in pHi in response to NH4Cl as a function of time and distance from the apical membrane. (B) The time course of
change in pHi averaged over the entire cell (●), within 0–2 μm from the apical membrane ( ), and deep within the cell (9–10 μm from the apical membrane) ( ). Each
point is an average over 30 cells with error bars representing the standard error (SE). (C) Confocal images of a ciliary cell obtained at the indicated distances from the cell
top prior to exposure to NH4Cl (0 min) and 3 min after the exposure. The carboxy SNARF1 fluorescence is shown as pseudo-colored ratio R=F640 nm/F580 nm. The
transmitted light images obtained in parallel to fluorescent images are shown for reference. Note that a smaller size of a fluorescent spot near the cell top is due to a dome-
like shape of the cells.
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CBF enhancement is unusually high and may be hazardous or
even lethal to the cell. However, formation of localized cytosolic
domains of high pHi in the vicinity of cilia, without changing
significantly pHi of the entire cell, may provide a solution to this
dilemma. The endogenous ammonia, produced by airway epi-
thelium from glutamine via pH-regulatory glutaminase [20],
might participate in this process.
The phenomenon of localized cytosolic domains in the
vicinity of cilia is not new. It has been shown that Ca2+ influx
regulates CBF by continuously increasing local [Ca2+]i near
the plasma membrane, while the cytosolic bulk remains at low[Ca2+]i [18]. Moreover, existence of cytosolic Ca
2+ domains is
not limited to the ciliary cell and is also observed in other cell
types [40–47]. Yet, understanding the mechanism supporting
sustained localized domains in cytosol is not a trivial problem
[48], since existence of stable regions of different free ion
concentrations within a continuous aqueous medium seems
contradictory to the second law of thermodynamics. We have
shown previously that stable local elevation of [Ca2+]i near the
ciliary membrane is maintained by active redistribution of Ca2+
in cytosol [18]. The apparent similarity between Ca2+ and pHi
gradients suggests that a similar physiological mechanism may
exist in ciliary cells to create profound, but highly localized,
Fig. 8. Effect of calmodulin and PKA inhibition on CBF enhancement induced
by NH4Cl. The maximal increase in CBF induced by NH4Cl in either untreated
cells or in the cells pretreated by either calmodulin inhibitors (calmidazolium
(20 μM) or W-7 (200 μM)) or by PKA inhibitors (H89 (0.5 μM) or KT5720
(1 μM)) is shown. Each bar represents an average over 6–18 cells with error bars
representing the standard error (SE). The statistical significance was determined
with a paired Student t-test which yielded ⁎Pb0.001.
Fig. 7. Cytosolic alkalization as a function of NH4Cl concentration. Values of pHi
vs.NH4Cl concentrations near the apicalmembrane ( ) averaged over the entire cell
(●) and deepwithin the cell (9–10μmfrom the apicalmembrane) ( ). Each point is
an average over 9–12 cells with error bars representing the standard error (SE).
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enhancement.
The existing body of evidence indicates that relatively wide-
range changes in pHo (from 6.5. up to 9) failed to induce CBF
enhancement [30–32]. This study confirms this observation. It
has been assumed, however, that wide variations in pHo induce
negligible changes in pHi. The recently performed measurement
of pHi has demonstrated that the average pHi changes only
slightly in response to pHo variations, seemingly confirming this
assumption [32]. However, we show here that although the
average pHi is only slightly affected, variations in pHo produce
nearly equivalent change in pHi near the cilia, yet without
affecting CBF. These results strongly indicate that alkalization of
ciliary environment per se is unable to stimulate CBF.
We show here that in contrast to elevated pHo, cytosolic
alkalization induced by NH4Cl is accompanied by a substantial
rise in [Ca2+]i. A few important distinctions exist between these
tomethods of pHimanipulation, which could explain differences
in [Ca2+]i behavior. As this study demonstrates, changes in pHo
result in equivalent changes in pHi near the plasma membrane,
i.e. pH values on both sides of the membrane remain roughly
equal. On the other hand, NH4Cl induces alkalization in the
cytosol, while the bulk of extracellular fluid remains buffered at
pH=7.3–7.4. As a result, a substantial pH gradient is created
across the plasma membrane, which might activate Ca2+ influx.
In addition, alkalization induced by NH4Cl propagates farther
into the cytosol than the one induced by high pHo (compare
Fig. 6 vs. Fig. 2). It has been shown that an intracellular
alkalization can trigger Ca2+ mobilization from intracellular
stores [49]. Since endogenous ammonia is produced in airways
by the intracellular pH-regulatory glutaminase [20], we believe
that the effects produced by NH4Cl reflect physiological con-
dition more closely than manipulations of pHo.
We show here a linear correlation between the maximal CBF
enhancement and maximal rise in [Ca2+]i induced by NH4Cl.
Interestingly, a similar correlation has been reported previously
for ciliary stimulation induced by ATP and acetylcholine [2,4,5,
8,11,15,17,35]. However, it is important to emphasize that NH4Cl
induced a substantially stronger CBF enhancement for a givenvalue of Δ[Ca2+]i than the stimulants mentioned above.
Furthermore, application of a calcium ionophore to the ciliary
cells used in this study resulted in a much stronger [Ca2+]i ele-
vation than the one induced by NH4Cl, yet CBF was barely
affected (Fig. 5). Taken together, these results suggest that neither
cytosolic alkalization alone nor [Ca2+]i elevation alone, but a
combination of these two factors acting synergistically is respon-
sible of the observed CBF enhancement.
It has been shown that Ca–CaM complex plays a pivotal role
in CBF enhancement induced by extracellular ATP or Ach in
various mucociliary systems [15,19]. Indeed, we demonstrate
that calmodulin inhibitors strongly attenuate the NH4Cl-induced
CBF enhancement (Fig. 8). The affinity of CaM to Ca2+ is
dependent on pH, increasing with increase in pH [24,25]. This
effect could explain the increased sensitivity of CBF to [Ca2+]i
changes following NH4Cl treatment. We hypothesize that the
strong alkalization induced by NH4Cl shifts the equilibrium
towards formation of Ca–CaM complex at moderate [Ca2+]i,
producing the observed synergistic effect of high pHi and [Ca
2+]i
rise in NH4Cl-induced CBF enhancement.
One of the possible outcomes of Ca–CaM complex formation
is activation of the cAMP-dependent pathway via Ca–CaM
sensitive adenylate cyclases [37]. Along with Ca2+, this pathway
has been identified as an important element of CBF regulation
[3,14,16,38,39]. Indeed, we show here that PKA inhibitors block
NH4Cl-induced CBF enhancement (Fig. 8). These results further
confirm that alkalization of ciliary environment per se is unable to
stimulate CBF.NH4Cl-inducedCBF enhancement rather relies on
activation of signaling machinery similar to the one transducing
purinergic or cholinergic stimulation. It should be noted that Sutto
et al. did not detect effect of PKA inhibition on NH4Cl-induced
CBF enhancement [32], suggesting that the enhancement was due
to a direct effect of high pH on the axonenal proteins. However,
the CBF values reported in that study, even after stimulation, were
1109L. Lemberskiy-Kuzin et al. / Biochimica et Biophysica Acta 1783 (2008) 1102–1110below the basal level of CBF in the ciliary cells described here and
elsewhere [2,5,8,11,15,17,35,50]. It is possible that the effect of
PKA is not apparent at such a low CBF. We have previously
demonstrated that the spontaneous and stimulated states of ciliary
activities are controlled by distinct axonemal processes [39].
To conclude, we demonstrate here that pHi in the vicinity of the
ciliary membrane can be relatively easily altered by changes in
extracellular pH, or by exogenous/endogenous pH-affecting
agents. However, the bulk of the cytosol is remarkably resistant
to these pH fluctuations. Ciliary activity is surprisingly tolerant to
pH changes. A localized alkalization up to 8.7 does not depress
ciliary activity, but results in strong and prolonged augmentation
of ciliary beating. Similarly to other ciliary agonists, the NH4Cl-
induced CBF enhancement relies on activation of cAMP pathway
via Ca2+–CaM complex. We suggest that the NH4Cl-induced
localized alkalization near the cilia plays at least a dual role in
CBF enhancement: 1) promoting elevation in [Ca2+]i; 2) altering
the binding constants of Ca2+to CaM and facilitation of Ca2+–
CaM complex formation.
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